[1] The stability of magnetic domain structures of small grains of magnetite were examined between room temperature and the Curie temperature using a high-resolution three-dimensional micromagnetic algorithm. At all times the minimum resolution used was determined by calculating the exchange length. Using an unconstrained model, the single domain (SD) to multidomain (MD) threshold grain size d 0 was found to be nearly independent of temperature up to $450°C. Above this temperature, d 0 was observed to rise sharply. Energy barriers between metastable domain states trapped in local energy minimums (LEM) were determined using a constrained algorithm. Three types of domain structure were considered: SD, vortex, and double vortex (effectively three domain), in a range of grain sizes with side length between 30 and 300 nm. In addition, the effect of varying shape was also considered by examining asymmetric grains with aspect ratios up to 1.4. From the numerical solutions energy barriers between LEM states were determined. It was found that MD grains 300 nm in size display higher stability than smaller SD grains ($50 nm). Double vortex states were found to be less stable than single vortex states at nearly all temperatures. Blocking temperatures as function of grain size for both symmetric and asymmetric grains were determined and agree well with experimental results. Transdomain thermoremanence analysis indicated that there are a limited number of grain sizes and shapes which will nucleate domain walltype structures during cooling. Such nucleation events would cause the total measured remanence to decrease with cooling in conflict with Néel's analytical theory for remanence cooling behavior but in agreement with experimental observations. 
Introduction
[3] The stability of magnetic remanence over geological timescales is essential to palaeomagnetism. Only if magnetic remanence is stable over such timescales can its measured direction and intensity be meaningful to the interpretation of geological problems.
[4] The stability of a grain's magnetic remanence has long been known to depend on its size. The remanence carried by the smallest grains, i.e., magnetic single domain (SD) grains (Figure 1a ), has been shown both experimentally and theoretically to be very stable over long timescales. SD theories [Néel, 1949; Walton, 1980] adequately explain the observed SD behavior [Dunlop and West, 1969; Williams and Walton, 1988] . Larger grains which are magnetically multidomain (MD), have been shown experimentally to display a very stable fraction of remanence [McClelland and Shcherbakov, 1995; Ö zdemir and Dunlop, 1998 ]. The relative size of this stable fraction increases as the grain size decreases [Dunlop and Argyle, 1991] . Consequently, small MD grains are relatively stable and are commonly referred to as pseudo-SD (PSD). In contrast classical analytical MD theory predicts that MD remanence should not be so stable [Néel, 1955] , and does not accommodate grain size effects to explain PSD behavior.
[5] More successful in predicting PSD behavior has been direct numerical modeling of PSD domain structures using three-dimensional micromagnetic algorithms [e.g., Dunlop, 1989, 1995; . These studies have shown that the domain state of PSD grains just above the SD/MD threshold size is not a two domain structure with a 180°domain wall, as postulated by former PSD theories, but a vortex structure (Figure 1b ). For slightly larger PSD grains, have shown that a double-vortex (DV) (effectively three-domain) structure is likely ( Figure 1c ). In addition these models have shown that SD grains just below the SD/MD threshold display ''flowering'' of the domain structure near the edge of the grains (Figure 1a) .
[6] In this paper we examine the stability of PSD magnetite remanence structures like those shown in Figure 1 as a function of temperature up to near the Curie temperature (%580°C) using a three-dimensional micromagnetic model with a conjugate-gradient (CG) minimization algorithm. There have been several previous papers which have examined various aspects of SD and PSD remanence stability as a function of temperature using micromagnetics [Dunlop et al., 1994; Thomson et al., 1994; Winklhofer et al., 1997] . The results of Dunlop et al. [1994] were groundbreaking, but they only used a one-dimensional model. However, Thomson et al. [1994] and Winklhofer et al. [1997] both incorporated simulated annealing (SA) into their three-dimensional models which greatly increases computational time. Consequently, both studies concentrated on smaller SD/flower structures which they could accurately model, however, the larger PSD structures also considered were modeled using insufficient resolutions [Rave et al., 1998 ]. Winklhofer et al. [1997] realized this and tested their SA minimizations with CG solutions determined at higher resolutions. The comparison was favorable.
[7] With the rapid improvement in computing resources it has now become feasible to model such PSD structures using the correct minimum resolution. In this paper we consider both changes in grain size (30 -300 nm) and differences in shape (cubic and elongated grains up to an axial ratio q of 1.4). In addition to examining the SD-vortex transition using constrained and unconstrained models as in previous papers, we examine for the first time the stability of DV structures ( Figure 1c ).
Discrete Micromagnetic Model
[8] The basic algorithm used to calculate the results in this paper was fully described by Wright et al. [1997] . The model subdivides a grain into a number of finite element subcubes. Each sub-cube represents the averaged magnetization direction of many hundreds of atomic magnetic dipole moments. All the subcubes have equal magnetic magnitude, but their magnetization can vary in direction. The domain structure was calculated by minimizing the total magnetic energy E tot , which is the sum of the exchange energy E ex , the magnetostatic energy E d and the anisotropy E anis [Williams and Dunlop, 1989; Wright et al., 1997] . The domain state of a grain is calculated by minimizing E tot by the CG method with a fast Fourier transform (FFT) to give the local energy minimum (LEM) Wright et al., 1997] . The calculation of the energy terms and the implementation of the FFT are exactly the same as in the work of Wright et al. [1997] .
[9] It was not necessary to include magnetostrictive anisotropy in the model because for magnetite grains <5000 nm in size, its contribution is insignificant over the temperature range considered in this paper [Muxworthy and Williams, 1999] . The structures in this study were calculated for stress-free samples, i.e., no dislocations and no external stress, making the contribution from the magnetoelastic anisotropy zero.
[10] In the model E ex / the exchange constant A, E d / the spontaneous magnetization M s and E anis / the first cubic magnetocrystalline anisotropy K 1 . The thermal behavior of A, M s and K 1 was taken from Heider and Williams [1988] , Pauthenet and Bochirol [1951] , and Fletcher and O'Reilly [1974] , respectively.
[11] To accurately model domain structures it is necessary to have a minimum model resolution of two cells per exchange length (exchange length = ffiffiffiffiffiffiffiffiffiffiffi
/2 and m 0 is the permeability of free space [Rave et al., 1998] ). This minimum resolution was used at all times in this study. This meant that the models were significantly larger than in previous studies, e.g., for the largest grain that Winklhofer et al. [1997] modeled, i.e. 120 nm, they used a resolution of 5 Â 5 Â 5, whereas the resolution used in this study for a 120 nm grain was 17 Â 17 Â 17.
[12] The increase in resolution meant that it was impractical to incorporate SA in the model, and the minimization was based on the CG algorithm. The SA method generally finds lower energy states than CG algorithms. However, the difference has been shown not to be significant [Thomson, 1993] . Nevertheless, the higher energy estimates from the CG algorithm are likely to lead to slightly higher energy barrier estimates between LEM states in the constrained model calculations (section 4). Therefore these results should be treated as upper energy barrier estimates.
[13] The effect of applying external fields similar to the strength of the earth's field was found to be negligible for both the constrained and unconstrained models. Winklhofer et al. [1997] drew similar conclusions.
Unconstrained Models
[14] There are several methods of determining the possible and favorable domain structure as a function of temperature. Here the unconstrained method of and Williams and Wright [1998] is described. In this approach a very small grain, say $20 nm, with an initial SD structure is gradually increased in size until the domain structure collapses to a vortex structure at d o max (Figure 2 ). The grain size is then decreased until the vortex structure becomes SD at d o min (Figure 2 Winklhofer et al., 1997; Williams and Wright, 1998 ]. The room temperature curve (Figure 2 ) is in rough agreement with Williams and Wright [1998] , with a transition from a SD (flower) to vortex state. In contrast, found that the SD state collapsed to a DV structure, not a vortex state. This difference in findings raises questions about the the existence of the DV state in ideal magnetite cubes in this narrow grain size range. Clearly, for certain grain sizes, grain shapes and mineralogy, DV states will be favorable [Rave et al., 1998; Williams and Wright, 1998 ]. However, do they occur in magnetite in this grain size range? Initially, the transition from SD to DV state was thought to be due to incomplete minimization, but recent calculations suggest that it may be due to the degree of numerical precision in the model; stable DV states occur when the numerical precision of the model is high. Either the high precision calculations introduce artificial LEM states or reduced precision calculations simply ''step-over'' the energy barriers (K. Fabian, personal communication, 2003) .
[ [17] Compared to the 1-D micromagnetic model for a grain with q = 1.5 [Dunlop et al., 1994] , it is seen that the range where vortex states and SD states can co-exist is much narrower, especially at room temperature. From hysteresis data d o was estimated to be more or less inde- Figure 2 . Energy density of a magnetite cube as a function of edge length d for an initial SD configuration at room temperature ( Figure 1a ). The grain size was gradually increased until the SD structure collapsed to a vortex structure at d 0 max = 96 nm. The size was then gradually decreased until a SD state formed at d 0 min = 64 nm. To maximize computer efficiency the resolution was increased/ decreased with each increase/decrease in size, and the domain structure rescaled between each pair of calculations. pendent of temperature until 450°C, where it increases rapidly [Dunlop, 1987] .
Constrained High-Temperature Models
[18] To determine the stability of an LEM state, it is necessary to calculate the energy barriers (E B ) which trap it. This is done by constraining domain structures of a grain into intermediate non-LEM states.
[19] Constrained models of domain structure were calculated using a similar procedure to that first described by Enkin and Williams [1994] . In this approach, a number of cells are constrained to set angles, and then the total energy is minimized with respect to the other unconstrained cells. This technique allows non-LEM magnetic states to be produced so that transition paths between LEM states can be examined. Two sets of constrained cells at opposite sides of the model grain are rotated through 360°at some step interval (Figure 4 ). From these two degrees of freedom energy surfaces can be plotted, from which the energy barriers between LEM states are determined .
[20] Previous constrained models have only considered SD-vortex transitions Winklhofer et al., 1997; Muxworthy and Williams, 1999] . In this paper we also consider SD-DV and vortex-DV transitions.
[21] For very small grains near d 0 in size, considering only SD-vortex transitions is reasonable because as a first approximation there are only two LEM domain states, the SD state and the vortex state. In fact, just as SD state have different degrees of flowering, there are different types of vortex state, e.g., Rave et al. [1998] found seven different vortex states in uniaxial materials. However, in this study we group all these vortex states into one category, as we consider the study of subtle differences between vortex states in magnetite outside the scope of this paper.
[22] As the grain size becomes larger the number of possible LEM states increases. The next most realistic LEM domain state to constrain in grains larger than d 0 max is the DV state (Figure 1c ). To produce DV structures it is necessary to constrain the edges of the models, not the surfaces as in SD-vortex constrained models (Figure 4) , i.e., the four corners of the middle layer of cells lying in the z plane were constrained. To obtain SD-DV transitions, the constrained cells in the four corner groups were split into two pairs facing each other across the diagonal. Each pair was then rotated separately through 180°. To produce DV-vortex transition paths, two sets of constrained cells separated by the edge of the cube were kept fixed and were anti-parallel, while the other two sets were rotated independently through 180°. As the number of possible LEM states becomes greater, the number of possible transition paths between LEM states increases. It is possible therefore that in constraining SD-DV and DV-vortex transitions, some transition paths with lower energy barriers are overlooked, e.g., an SD to DV transition with an intermediate vortex state. Therefore the energy barriers determined for DV-SD and DV-vortex transitions could possibly be overestimates. This problem is not unique to constrained CG minimizations, but also applies to constrained SA calculations.
[23] Energy-surface plots were determined as a function of grain size, temperature and shape ( Figure 5 ). As the grain size increased, the model resolution was increased, e.g., for a 100 nm cubic grain the resolution was 14 Â 14 Â 14 and for a 300 nm grain the resolution was 44 Â 44 Â 44. As the larger grain sizes required more CPU time, less variation in temperature and shape could be examined for these grains. Elongated grains were considered as cuboids of square cross-section and elongated along one axis. This meant that the model size had to be increased, e.g., for the 300 nm model with a long axis/short axis ratio q = 1.4, the grid size was 62 Â 44 Â 44. The number of constrained cells increased with resolution but was kept to $2-5% of the total number of cells. During the energy-surface plot calculations, domain structures were visually checked for smooth consistent behavior with no abrupt changes.
[24] The minimum energy barrier between LEM states was determined by considering saddle-points between metastable states ( Figure 5 ). In particular, transition paths from vortex and DV states were difficult to determine. In these cases, the energy barrier was defined as the energy needed to rotate the moment by 90°.
SD-Vortex Transitions
[25] For the SD-vortex transition, two sets of spins were constrained on opposite sides of the grain in an identical procedure to that of Enkin and Williams [1994] . Typical energy-surface plots are shown in Figure 6 for a grain with d = 120 nm and q = 1.2. At room temperature the vortex state is the most favorable LEM state (Figure 6a ). The energy barrier (E B ) between two such identical states was Figure 4 . Schematic of the constrained SD-vortex micromagnetic model. A number of cells at the top have their magnetization constrained to a direction q 1 in the x-y plane, while another set of cells at the bottom are constrained to a direction q 2 also in the x-y plane. The energy is minimized with respect to the magnetization direction of all the other cells. q 1 and q 2 are set to angles between 0°to 360°at interval spacings of 15°, 30°or 45°depending on model resolution. The total number of constrained cells varies with model resolution but was kept between 2 and 5% of the total. determined to be 590 kT. At 567°C the SD state is the most favorable LEM state and the energy barrier between two identical SD states was calculated to be 6.1 kT.
[26] From such energy plots, energy barriers (E B ) were determined as a function of temperature (Figure 7 ). Included on Figure 7 are the Boltzmann energies for two relaxation times; a laboratory relaxation time $1 s giving E B % 25 kT and a geological relaxation time $1 billion yrs with E B % 60 kT. At high temperatures near T c , E B < 25kT for all grain sizes and shapes. However, as the temperature decreases, E B increases sharply. The rate of increase is greatest for larger grains, and at room temperature the largest grain (300 nm) has the largest E B . It is at first sight surprising that grains with SD states have lower energy barriers than grains with vortex states. However, this is due to a combination of effects.
[27] Firstly the competing magnetic energies increase with grain volume. For example, in a first approximation for simple magnetic structures, E ex and E anis increase linearly with grain volume, while the magnetostatic energy E d increases as the square of grain volume. The magnetostatic energy's strong grain size dependence causes both E tot and E B to increase sharply with grain size.
[28] Secondly the configurational anisotropy displays a grain size dependency. The configurational anisotropy is a term coined to describe the energy barrier associated with intermediate states in a transition path. Temporarily ignoring magnetocrystalline anisotropy, consider a SD-like or flower state in a cubic grain (Figure 1a ). The energy of a SD state aligned along ''x'' or ''y'' are equivalent due to symmetry; Figure 5 . SD-vortex energy surface (contour map of (E tot -minimum E tot )/kT for different constrained three-dimensional magnetic structures) for a grain with edge 120 nm and q = 1.4 at 567°C. As the grain is asymmetric, there are favorable (easy) and unfavorable (hard) SD magnetic states. Unfavorable vortex structures are also marked. A possible transition path over a saddle point is highlighted. The two angles q 1 and q 2 refer to the angles of the two sets of constrained spins (Figure 4) . The model resolution used was 24 Â 17 Â 17. Figure 6 . SD-vortex energy surfaces for a grain with edge 120 nm and q = 1.2 at (a) room temperature and (b) just below T c . As the grain is asymmetric there are hard (SD h ) and easy (SD e ) magnetic directions. Favorable vortex structures are also marked. The model resolution used was 21 Â 17 Â 17. the degree of flowering will be identical. For a SD to rotate coherently from the x direction to the y direction or vice versa it will have to pass through an intermediate state. The degree of flowering varies depending on the direction of the magnetization with respect to the cube faces. Intermediate states have less flowering due to geometry considerations giving rise to an effective energy barrier. If no flowering occurs, i.e., an ideal SD grain, then for cubic grains with no magnetocrystalline anisotropy there would be no energy barrier for this rotation. However, in magnetite flowering is in reality common. Since the degree of flowering increases as the grain size increases, the energy barrier along the transition path increases. This effect occurs for other types of transitions, e.g., between vortex states. Configurational anisotropy will always exist in cubic structures, but will often be masked by magnetocrystalline anisotropy or other anisotropy created by applied fields. Only a sphere will have no configurational anisotropy.
[29] Generally, the results agree well with those of Winklhofer et al. [1997] who modeled grains up to 120 nm using simulated annealing. The agreement is good even for the larger grains where Winklhofer et al. [1997] used a resolution of only 5 Â 5 Â 5.
SD-DV and Vortex-DV Transitions
[30] SD-DV and vortex-DV transitions were determined for grains in the range 140-200 nm. Below 140 nm, the DV state is not an LEM state . Both SD and DV states were found to be LEM states in this size range and produced energy surface plots similar to those in Figure 6 . The DV-vortex energy surfaces are less easily interpreted (Figure 8 ). Generally the vortex state was the absolute energy minimum, and the DV state had a much higher energy. The DV state was often located near very shallow LEM states, which are not thought to be stable (the model does not include thermal fluctuations which would make them even less stable). This implies that even if the grain is in a stable LEM state in a SD-DV energy plot diagram, in an unconstrained system the DV state would actually minimize to a vortex state, in effect resulting in a SD-vortex energy surface plot (Figures 5 and 6 ). Because the DV state was not a significant LEM state, no values for E B were determined.
Blocking Temperatures and Relaxation Times
[31] From plots of E B versus temperature (Figure 7) , blocking temperature diagrams as a function of grain size were determined (Figure 9 ). Also shown in Figure 9 are the experimental data of Dunlop [1973] . As the grain size increases, the blocking temperature increases, reflecting the increase in E B with grain size (Figure 7) . As q increases [Dunlop, 1973] .
the blocking temperature increases. The effect of blocking time, i.e., geological (1 billion years, E B < 60 kT) versus laboratory (1 s, E B < 25 kT), is seen to be relatively small compared to changes in grain geometry. Figure 9 is similar to Figure 7 of Winklhofer et al. [1997] , though they did not calculate blocking temperatures for grains greater than 120 nm. Our model results agree well with the experimental data of Dunlop [1973] . That the blocking temperature continues to increase as the grain size is increased above d 0 implies that small PSD grains up to 300 nm in size are magnetically more stable than SD grains. This goes against traditional Néel-type models [Néel, 1949 [Néel, , 1955 for SD and MD behavior, but importantly agrees with the experimental results of Dunlop [1973] . The high-stability of micromagnetic PSD structures is associated with the increase in E B with grain size discussed above.
[32] In addition to determining blocking temperature curves, it is possible to approximate the logarithmic relaxation time as a function of grain size at room temperature ( Figure 10 ). This is only an approximation as it is based on Néel's theory for coherent rotation of SD uniaxial grains [Néel, 1949] . Figure 10 depicts the amount of time it would take for an assemblage of such grains to unblock at room temperature, i.e., it is a measure of magnetic viscosity. Similar calculations have been made by Enkin and Williams [1994] and Winklhofer et al. [1997] for cubic grains, and their results are depicted in Figure 10 . As q is increased, the relaxation time is observed to increase, that is, the magnetic moment becomes less viscous. There is a clear jump in behavior between q = 1.2 and 1.4.
[33] The results for the cubic grains (q = 1) in this paper are closer to the results of [Winklhofer et al., 1997] than to the results of Enkin and Williams [1994] . The q = 1 curve follows the data of Winklhofer et al. [1997] closely until $70 nm. Above this size, the q = 1 data in this paper continue to increase steadily, whereas the data of Winklhofer et al. [1997] decrease around 75 nm before increasing sharply at d = 90 nm. It is suggested that this divergence between results may be due to differences in the micromagnetic model resolutions which similarly diverge as the grain size is increased. Alternatively, the SA algorithm of Winklhofer et al. [1997] may have found a lower energy state than the CG algorithm in this paper.
[34] In addition there are differences in crystal symmetry; in this paper the [001] axis is aligned with the z axis and the model is symmetrical with respect to the three axis, whereas the model of Winklhofer et al. [1997] had [111] aligned with the z axis, i.e., only one easy axis was aligned along a crystal axis edge. As the preference for the domain structure is to align with the cube edges, the shape contribution and cubic anisotropy combine effectively to form a uniaxial anisotropy aligned in the z-direction. This difference in symmetry may have some effect. Winklhofer et al. [1997] attribute their model behavior at around 75 nm to the switch from uniform to nonuniform reversal processes.
Transdomain Thermoremanence
[35] In the previous sections, the magnetic stability was determined by considering the energy barrier between LEM states at each temperature regardless of domain state type. Transdomain thermoremanence (TRM) analysis, in contrast, looks at possible transitions between different types of LEM states, e.g., SD to vortex, as the temperature changes [Moon and Merrill, 1986; Dunlop et al., 1994] . It focuses on domain states where energy barriers between LEM states are <25kT, for laboratory observational timescales, and uses Boltzmann statistics to determine equilibrium probabilities for competing LEM states. From this type of analysis it is possible predict the behavior of a remanence during heating and cooling.
[36] When E B < 25kT between two possible LEM states, thermal excitations between the states occur frequently. In this thermal equilibrium or superparamagnetic condition of rapid transitions between the states, neither LEM state is stable for long enough to preserve a remanence, but the LEM state with the lower energy is more probable or frequently occupied. The equilibrium Boltzmann probability of each state is
where Z is the partition function or sum of exponential factors over all states.
[37] On examination of all the temperature sequences of energy plots in this study, transdomain TRM effects were only found to occur in a small number of sequences, e.g., for d = 80 nm and q = 1.0, and d = 100 nm and q = 1.2. Only SD-vortex transdomain transitions were observed. No transdomain transitions were found which involved DV states.
[38] The grain size and shape which displayed the best example of transdomain TRM was for d = 80 nm and q = 1.0. This grain size was studied in detail in and near the transdomain transition temperature range (Figure 11 ). It was found that between 417°C and 422°C, there is a Figure 10 . Logarithm of relaxation time t versus edge length d for q = 1 (cubic), 1.2 and 1.4 magnetites at room temperature as a function of grain size. The dashed horizontal line corresponds to t = 1 Ma. The results of and [Winklhofer et al., 1997] for cubic grains are also shown.
transdomain process with the vortex state being more favorable at 417°C and the SD state at 422°C. The energy barriers in this temperature range are less than 25kT. Therefore domains will not become trapped in an unfavorable state on cooling or warming through this temperature.
[39] If a cubic grain with size 80 nm is cooled from T c to room temperature, it would initially lie in the SD state which is by far the most probable state (p % 1) on cooling from T c to 437°C (the first schematic in the series), though it should be noted that at all times E SD!V < 25 kT and E V!SD < 25 kT. On cooling to 422°C, the SD state ( p = 0.62) and vortex state ( p = 0.38) have very similar energies, although the SD state is still slightly more favorable. However, the change in equilibrium states, e.g., p = 0.62 for the SD state compared to p % 1 at 437°C, means that any TRM carried by an assemblage of such grains will be reduced. On cooling to 417°C, the roles have been reversed as the vortex state is now the slightly more favorable state. On cooling further to 377°C, the vortex state is now decisively the equilibrium state (p % 1) and is effectively blocked, i.e., on a laboratory timescale it is not possible for a vortex state to jump to a SD state. On cooling to room temperature, E V!SD continues to increase while E SD!V remains 25 kT.
[40] Dunlop et al. [1994] investigated transdomain TRM using a constrained one-dimensional micromagnetic model, from which they were able to determine the probabilities of transdomain TRM occurring between SD, two-and threedomain states. They found in contrast to Figure 11 that all transdomain processes occurred above 553°C. The difference between the two results is attributed to the models. It is widely acknowledged that increasing the number of dimensions in micromagnetic models decreases the absolute energy barriers.
Discussion and Conclusion
[41] The energy barriers associated with larger grains in vortex states are significantly higher than those of smaller grains in SD states. This implies that small PSD grains have in fact higher stability of remanence than SD grains, and in addition that the grain size range which provides reliable and meaningful magnetic signals is greater than previously predicted. The reason for the high-stability of PSD grains is due to relative increases with grain size of both the magnetostatic energy and the configurational anisotropy. However, it should be noted, that as the grain size increases it is likely that E B is increasingly over-estimated, because we have only considered a few constrained transition paths. As the grain size becomes larger the number of possible transition paths increases. It becomes impractical to determine all these paths, and hence it is possible that some lower energy transitions have not been determined. A possible way forward is to use simulated annealing techniques to examine many more possible transition paths, but these methods have yet to be fully exploited in micromagnetism.
[42] The grain sizes which display the highest stability of remanence are larger than those found by other stability criteria, in particular those determined from hysteresis measurements, e.g., the coercive force. Generally, from hysteresis measurements and the interpretation of them, SD grains are considered to be magnetically more stable than PSD or larger MD grains, i.e., in a magnetic field SD grains are more stable than PSD grains. In contrast, the findings in this study show that the time/temperature stabil- Figure 11 . Schematic of high-temperature energy barriers for SD $ Vortex (V) transitions in a d = 80 nm and q = 1 magnetite grain. Proceeding from top to bottom simulates cooling (TRM acquisition in the presence of a small field), whereas from bottom to top simulates thermal demagnetization. The Boltzmann probabilities calculated from equation (1) for each state are also shown. The energy scale on the upper three diagrams is identical. ity of PSD remanence is greater than that of SD remanence, i.e., in a zero field PSD grains are more stable than SD grains. The reason for this difference is thought to be due to the different systems which we are examining. In the presence of an external field, it appears that larger PSDsize grains can more readily change their structure to accommodate the external field energy than SD grains. However, in zero field the larger PSD grains have larger energy barriers to overcome due to the increase in the magnetostatic energy and configurational anisotropy associated with their larger grain size.
[43] Transdomain TRM analysis of small PSD grains indicates that there are a limited number of grain sizes and shapes which will nucleate domain wall-type structures during cooling (Figure 11 ). Such nucleation events would cause the total measured remanence to decrease with cooling, in conflict with the theories of Néel [1949 Néel [ , 1955 for remanence cooling behavior. However, decreases in remanence on cooling in zero field have been widely reported [e.g., McClelland and Sugiura, 1987; Muxworthy, 2000] . In addition, direct high-temperature domain observations on large low-stress MD grains produced by hydrothermal recrystallization found that domain walls in larger MD grains moved readily and nucleation was common in small fields . This contradiction between Néel's theories and experimental measurements has long been a problem in TRM acquisition theories. This is the first time that a theoretical model has come close to providing a direct physical explanation for this effect. In this paper we have considered only small PSD grains. However, on comparison with the experimental data, it can be inferred that similar processes are occurring in larger MD grains. The fact that it occurs at relatively low temperatures is also in agreement with magnetic measurements and domain observations. Attempts were made to simulate nucleation effects during cooling, but without thermal agitation the model failed to nucleate the vortex structure as predicted by energy-surface plots.
[44] The DV state, which was found to be a LEM state in the studies of , was found to be either not a LEM state or only a very shallow one, suggesting that for the grain sizes considered in this study, DV structures are unlikely to occur in unconstrained simulation models.
